Abstract. The Ground-Based Synthetic Aperture Radar (GB-SAR) facility in the UK provides high-resolution, fully polarimetrically calibrated L-through X-band SAR imagery, principally of targets of remote sensing interest such as soils and vegetation. The facility consists of an indoor laboratory and a portable outdoor imaging system. Details of the polarimetric calibrations of both systems are discussed, with consideration given to the special requirements of field operation. Because of the need to mechanically scan the real antenna to build up a synthetic aperture, the SAR imaging process is significantly longer than its airborne and satellite counterparts. Some of the extended imaging schemes, such as those used in three-dimensional tomographic imaging and diurnal monitoring campaigns, can last from hours to days. However, calibration is normally only possible just prior to, and just after, imaging, leaving the data susceptible to nonlinear system sensitivity fluctuations during the imaging process itself. To address this problem, a novel scheme is discussed that utilizes the signal that arises from the imperfection in the rf isolation of the antenna head as a diagnostic to account for sensitivity fluctuations. Variations of several decibels were seen on a time scale of hours over an extended 2 day measurement. Excellent agreement was found with radar cross section (RCS) fluctuations retrieved from contemporaneous SAR imagery of reference trihedrals placed in the scene.
Introduction
The Ground-Based Synthetic Aperture Radar (GB-SAR) microwave measurement facility in the UK is used to investigate the microwave backscatter of vegetation and soils from L-through to X-band in support of airborne and satellite SAR platforms. The facility consists of an indoor laboratory and a novel portable outdoor system Bennett et al., 2000) , which are shown in Figure 1 . The former consists of a 6 m long × 4 m wide × 3 m high microwave anechoic chamber. The outdoor system is based around a trailer-mounted, 10 m hydraulic lift and a four-by-four allterrain vehicle.
In airborne and satellite SAR imaging the synthetic aperture is built up by the rapid motion of the platform, with imaging times on the order of 1 s. In the ground-based case, however, the aperture is built up by the mechanical scanning of the antenna across a scanner frame, such that the imaging time scale is much longer. The scanner drive systems use high-performance, compact motors and gearheads, suited to applications requiring both high dynamic response and smooth slow-speed operation, with the antenna head static at the time of each measurement. It is stepped across the scanner at intervals of -λ/4, where λ is the wavelength. At each position, the response of the target to a series of discrete frequencies stepped over a prescribed bandwidth is measured. The total measurement time is -1 s per antenna position, such that a single full-aperture onedimensional (1D) scan takes several minutes at X-band (less at lower frequencies, which require coarser sampling intervals).
Polarimetric scans are built up by repeat scans with the appropriate antennas switched in.There are instances, however, where the imaging process can be much longer, from hours to days. Examples are three-dimensional (3D) tomographic imaging with the indoor system that requires dense sampling over a two-dimensional (2D) aperture, or a sequence of timelapsed images looking for diurnal variability in a scene (Morrison et al., 2001; Brown et al., 2003) . Calibration of the system is carried out with reference to targets with wellcharacterized polarimetric responses. Because it requires physical resetting of the scanning system into a calibration geometry, however, calibration of the system is normally only performed immediately prior to, and on completion of, the entire imaging measurement process.
For lengthy scanning times, there is a likelihood of unwanted nonlinear changes in the system characteristics that are unable to be accounted for by reference to the two calibration measurements. This paper discusses the polarimetric calibration processes for the GB-SAR facility and describes a novel methodology that utilizes the signal that arises from the imperfection in the rf isolation of the antenna head as a diagnostic to account for nonlinear system sensitivity fluctuations during long-duration imaging.
Polarimetric calibration
The antenna head simulates a monostatic antenna and consists of a polarimetric cluster of four pyramidal horn antennas (Vtx, Vrx, Htx, Hrx), visible in Figure 1 . The transmission lines can be switched to select antenna pairs to obtain the VV, VH, HH, and HV polarimetric responses. The rf signals are routed to and from the scanning head via coaxial cable through flexible chain-link trunking to provide smooth cable feed and minimize bend damage. In both the outdoor and indoor systems it is necessary to deploy the system from the imaging mode into the calibration geometry, such that calibration is normally only carried out before and after imaging. For the outdoor system it involves turning the hoist through 90°from its imaging geometry and dropping to half height (Figure 2) . The antennas are positioned to look directly down onto the target, currently aligned using a plumb line. The use of calibration targets with broad angular radar cross section (RCS) patterns is advantageous because it alleviates the requirement for high directional alignment, which can be difficult to achieve in field conditions.
The choice of calibration procedure is influenced by our particular polarimetric system characteristics and the measurement application. Reference against point targets with well-characterized polarimetric responses allows for the calculation and correction of the distortion matrices of the receive and transmit circuits (Freeman, 1992) . Barnes (1986) and Whitt et al. (1991) have provided calibration techniques that use three point targets with known scattering matrices. These techniques are very sensitive to target alignment, however, and require precise knowledge of the theoretical values of the scattering matrices. For those systems that have good crosstalk rejection, however, the method of Sarabandi et al. (1990) involves only two calibration targets. It removes the need to make a measurement of the crosstalk contamination, which is assumed to be zero. The GB-SAR system uses separate transmit and receive pyramidal horn antennas for both the indoor and outdoor systems. These antennas have low onaxis cross-polar response, and rejection is better than -30 dB across the bandwidth, such that we may reasonably approximate zero crosstalk.
With this procedure, only the co-polar target requires prior characterization, as the cross-polar scattering amplitude is described relative to the co-scattering amplitudes of the sphere and the ratio of the square root of the cross-polarized returns. Use of a sphere, for which the scattering matrix can be computed exactly (Knott et al., 1993) , and an arbitrary depolarizing target means that the procedure is robust to errors in orientation. Initially, a wire mesh held on a polystyrene tile was used as the unknown depolarizing target, but this was found to be difficult to control in windy conditions in field campaigns. It was replaced with a dihedral, which could be more easily held in position on the target support rod shown in Figure 2 . The dihedral provides a controllable and continuously variable depolarized signal, which was sufficiently strong when the dihedral rotation was within -10°of the maximum depolarizing 45°position (Chen et al., 1991) . In addition, the dihedral backscatter response needs only to be aligned within its 3 dB width relative to the radar. The lack of accurate angular alignment requirements makes the method particularly attractive for GB-SAR field operations.
In the more controllable environment of the indoor chamber, a 6.4 cm diameter solid steel sphere is used as the precision copolar target. A repeat measurement of a second, 5.0 cm sphere is made. The quality of the measured response of the first sphere is assessed by comparison with its predicted theoretical response and its ability to accurately predict the measured RCS of the second sphere. An example of a typical X-band calibration result for the 6.4 cm sphere is shown in Figure 3 . The sphere is then replaced with an 8 cm × 15 cm dihedral at 45°to measure the cross-polar response of the system.
Because the field equations involve the square root of a complex number, the calibration process can produce a phase ambiguity of 180°. To address this problem, in an extension to the method of Sarabandi et al. (1990) , a second measurement of the dihedral is made, turned to 22.5°to provide equal co-polar and cross-polar returns. Because the phase relationship between the polarimetric returns is known for a dihedral (Chen et al., 1991) , comparison with the measured phases resolves the ambiguity. For our extended version of this calibration, slightly more care needs to be taken to position the dihedral rotation angle to within -5°and pointing direction within the 2 dB beam width. Such errors do not significantly affect the relative phase measured between the four polarization channels, allowing the ambiguity to be easily resolved.
The quality of the calibration is always assessed immediately, in case for any reason a repeat calibration measurement is required. Practical experience with GB-SAR has shown typical polarimetric calibration accuracy to be 0.2-1.0 dB in both the indoor and outdoor systems. Our measured dihedral results are interpreted in the image plane as complex RCS values so that they can be spatially segregated from other target responses.
Taking typical values, we have found that the HV, VH, and one of the co-polar responses differ by less than 5°in phase, with the other co-polar response being out of phase by 180°to the same tolerance.
For the outdoor system, a slightly different calibration strategy is adopted. Because it operates in an environment with greater clutter, a sphere was found to be of insufficient RCS to provide a good enough signal-to-clutter ratio. Instead, a trihedral is used that has previously been calibrated against the precision 6.4 cm sphere in the anechoic chamber and that provides a -20 dB increase in signal. A trihedral has a broad beam pattern such that a sufficiently accurate angular alignment is easily achievable in field conditions. Figure 4 compares the measured C-band VV and HH trihedral responses obtained during the outdoor calibration process with that measured in the indoor system. They are in good agreement, generally within ±0.3 dB over the frequency bandwidth.
In addition to system effects, it is also necessary to account for the effects of the antenna beam pattern and processing gain in each polarization. Pyramidal horn antennas are used because they have well-prescribed beam patterns. This is particularly critical in the indoor system, where there can be a rapid change in beam pattern over and through the target owing to the proximity of the antenna and target. The correction is estimated using a full SAR simulation of the indoor and outdoor systems. Figure 5 shows the 3D simulation of an antenna beam pattern over a 5 m 3 volume for the indoor system. This mode of presentation provides a more complete understanding of how the antenna beam pattern effects vary over the 3D target volume than a conventional 2D slice in angle representation. It is valuable for assessing the amplitude taper in any plane and is essential for estimating the usable imaging volume for a given configuration of SAR parameters.
The polarimetric calibration outlined here provides accurate calibration where the time span between the calibration and imaging measurements is short. In these cases, any drift between the two calibrations can be accounted for by a timedependent linear adjustment over the imaging process. Where the imaging process is lengthy, however, there is the possibility of significant nonlinear fluctuation in the system response, which cannot be accounted for in the procedure outline here. In these cases a novel technique is outlined in the next section that provides constant monitoring of the system characteristics.
Correction for system drift
In some circumstances the duration of the imaging process can be lengthy, lasting from hours to days. It is normally only possible, however, to make a calibration measurement at the start and end of the imaging process. This has required the development of additional procedures that ensure confidence in the data from temporal system drifts and errors. Two independent calibration procedures are used to ensure selfconsistency and confidence in the dataset. The external calibration procedure uses trihedrals placed in the scene as constant RCS references. The work reported here describes an internal calibration procedure that makes novel use of the imperfection in the rf isolation of the antenna head.
In an ideal system, only the transmitted signal reflected from the target scene would enter the receive antenna; however, there is a coupled signal that leaks directly from the transmit antenna across to the receive antenna. This is normally regarded as an unwanted noise source, and steps are usually taken to minimize it. This coupling incorporates effects only from the vector network analyser (VNA), cables, amplifiers, and antennas, while excluding any propagation effects external to these. Examination of time-domain responses shows that typical target returns for the indoor system are only 3 dB below that of the coupled signal, and therefore both signals are well characterized after VNA digitization. The increased range of the outdoor system target means that target returns are typically 40 dB below the coupled signal, but this information is still stored with satisfactory accuracy within the 100 dB dynamic range of the digitizer.
Consideration of the nature of the coupled signal indicates that if there is no variation in the system parameters, the coupled signal should be spatially and temporally independent, i.e., of constant value throughout the measurement process. Any variation is therefore indicative of change in the response of the system. Phase information is readily available from the coupled signal and can be incorporated into the correction process. In this report, however, the observation program made it only necessary to retrieve properly corrected amplitude data.
In the measurement exercise, a series of image scans were made at 2 h intervals over a 44 h period with the outdoor system deployed as shown in Figure 1 . The variation in the amplitude maximum of the coupled signal measured during and over a subset of four HH scans is shown in Figure 6 . Each scan consists of 201 measurements along the aperture over a 5 min interval. To extract the coupled signal, it is spatially isolated at each aperture position by range gating following Fourier transformation of the frequency sweep to the time (range) domain. Figure 6 shows a variation of 1.4 dB over the scan set selected. The in-scan variation is small, typically 0.1 dB, and in agreement with expected system performance. The principal feature is the offsets between scans due to system drift over the 6 h interval. To derive a value that might be applied to correct for the system drift in the HH data, a simple average of the maximum signal in each scan was calculated. Although one polarization is chosen here to demonstrate the method, leakage is present in all channels, and the principle of the technique applies equally well to all polarizations. The resulting development of the system response throughout the 44 h experiment, as monitored by the coupled signal, is shown in Figure 7 . There is evidence of a diurnal cycle, with the maximum system response occurring at night and the minimum system response during the day. Figure 8 shows the correlation of this same set of values with temperature, as measured by the weather station thermometer mounted on the GB-SAR hoist. The correlation is high but does not indicate a clear cause-andeffect relationship. It is still possible, however, that temperature elsewhere in the system (e.g., inside the vehicle) is the governing influence on system response. There is no correlation with other environmental factors, such as winddriven motion of the scanner arm (results not shown).
As is usual, two trihedrals were deployed at the far corners of the imaged scene. They provide fixed spatial reference points, and additionally a check on system stability. To show confidence in our interpretation of the variation measured by the coupled signal, Figure 9 shows the HH system drift plotted against the variation in the trihedral RCS extracted from the corresponding SAR image. The correlation is very high, showing that the external and internal drift calibration methodologies provide consistent results.
The coupled signal also allows suspicious changes in system response to be picked up. The most likely problem is signal dropout associated with cable movement during the scanning process. Although a high-performance, lightweight Gore cable with a wire-wound core is used, fed to the antenna head through trunking well within the permitted bending radius, the continuous flexing and bending can lead to damage, such that the cables need to be regularly tested and replaced. The deterioration may lead to a general degradation in performance or produce sudden signal dropouts at certain points along the scan corresponding to particular cable positioning. As evidence of the use of the coupled signal as a diagnostic in system errors, Figure 10 shows the near-contemporaneous VV dataset collected along with HH data displayed in Figure 6 . In comparison, the VV scans show much larger variations, with a scan-to-scan variation of 2.8 dB. However, of principal concern are the large in-scan variations of up to 1.1 dB, well outside expected system performance. In this example, it was indicative of a fault in the VV circuit associated with the rf cable feed.
Summary
The polarimetric calibration strategy has been described for the GB-SAR facility. Co-polar and cross-polar responses are measured with references to a sphere and dihedral, respectively. In the more cluttered outdoor environment, a trihedral is used that has previously been calibrated against a sphere, to improve the signal-to-noise ratio. The use of targets with broad angular responses relaxes the need for accurate angular alignment, which is advantageous for fieldwork.
Operational logistics dictate that system calibration can only be carried out before and after imaging, but not during. Because the SAR imaging process can be lengthy, lasting from hours to days, there is the possibility of nonlinear temporal fluctuations in system sensitivity that cannot be accounted for by the two isolated calibrations. A procedure was demonstrated that can identify and correct for fluctuations during imaging. It utilizes the signal that arises from the imperfection in the rf isolation of the antenna head. Confirmation of the accuracy of the method was made by comparison with RCS fluctuations retrieved from contemporaneous SAR imagery of reference trihedrals.
